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TRANSFORMER-BASED CMOS
OSCILLATORS

RELATED PATENT APPLICATION

This application 1s related to U.S. patent application Ser.

No. 12/363,911, entitled, “Integrated Voltage-Controlled
Oscillator Circuits,” filed Feb. 2, 2009, assigned to the
assignee of the present application, the contents of which are
hereby incorporated by reference 1n their entirety.

TECHNICAL FIELD

The disclosure relates to integrated circuit design, and
more particularly, to the design of transformer-based CMOS
oscillators having controllable oscillation frequencies.

BACKGROUND

Voltage-controlled oscillators (VCO’s) and digitally-con-
trolled oscillators (DCO’s) are used to generate a signal hav-
ing an oscillation frequency determined by a control signal. In
a VCO, a fine tuning component of the control signal is
specified using an analog control voltage, while 1n a DCO, the
fine tuning component of the control signal 1s specified using
a digital control signal. To save power 1n electronics devices
such as portable communications devices, VCO’s and DCO’s
are increasingly designed to work with power supplies having
lower voltage levels.

In one prior art oscillator circuit design, an LC tank having
a variable capacitance is coupled to at least one cross-coupled
transistor pair. The cross-coupled transistor pair functions as
a negative resistance, causing the voltage across the LC tank
to oscillate at the tank resonant frequency. In prior art oscil-
lator designs, the transistor drains may be directly DC cross-
coupled to the transistor gates. This DC cross-coupling
reduces the voltage headroom available from a low voltage
power supply, since the drain-source voltage 1s made equal to
the gate-source turn-on voltage of the transistors. In a CMOS
cross-coupled pair oscillator design, wherein both an NMOS
and a PMOS cross-coupled pair are provided, the voltage
supply must support both the NMOS gate-source turn-on
voltage and the PMOS gate-source turn-on voltage.

It would be desirable to provide techniques for oscillator
design that more efficiently utilize the voltage headroom
available from a low voltage power supply, while adequately
meeting other oscillator design criteria such as low phase
noise.

SUMMARY

An aspect of the present disclosure provides an apparatus
for generating a signal having a controlled oscillation fre-
quency at a pair of output nodes, the apparatus comprising: a
first transistor and a second transistor, the drains of the first
and second transistors coupled to the pair of output nodes; a
first inductor coupled to the gates of the first and second
transistors; a second inductor coupled to the pair of output
nodes, the second inductor being magnetically coupled to the
first 1nductor; a capacitor having a selectable capacitance
coupled to the pair of output nodes; and a DC cross-coupled
complementary transistor pair coupled to the pair of output
nodes.

Another aspect of the present disclosure provides an appa-
ratus for generating a signal having a controlled oscillation
frequency at a pair of output nodes, the apparatus comprising:
a first transistor and a second transistor, the drains of the first
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and second transistors coupled to the pair of output nodes; a
first 1nductor coupled to the gates of the first and second
transistors; a second inductor coupled to the pair of output
nodes, the second inductor being magnetically coupled to the
first inductor; a capacitor having a selectable capacitance
coupled to the pair of output nodes; and a first complementary
transistor and a second complementary transistor, the drains
of the first and second complementary transistors coupled to
the pair of output nodes, the gate of the first complementary
transistor AC-coupled to the drain of the second complemen-
tary transistor via a second AC-coupling capacitor, the gate of
the second complementary transistor AC-coupled to the drain
of the first complementary transistor via a first AC-coupling
capacitor.

Yet another aspect of the present disclosure provides an
apparatus for generating a signal having a controlled oscilla-
tion frequency at a pair of output nodes, the apparatus com-
prising: a first transistor and a second transistor, the drains of
the first and second transistors coupled to the pair of output
nodes; a first inductor coupled to the gates of the first and
second transistors; a second inductor coupled to the pair of
output nodes, the second inductor being magnetically
coupled to the first inductor; a first complementary transistor
and a second complementary transistor, the drains of the first
and second complementary transistors coupled to the pair of
output nodes; and a third inductor coupled to the gates of the
first and second complementary transistors, the third inductor
being magnetically coupled to the second inductor.

Yet another aspect of the present disclosure provides a
method for generating a signal having a controlled oscillation
frequency at a pair of output nodes 1n an oscillator, the oscil-
lator comprising a first transistor and a second transistor, the
drains of the first and second transistors coupled to the pair of
output nodes; the oscillator further comprising a first inductor
coupled to the gates of the first and second transistors; the
oscillator further comprising a second inductor coupled to the
pair of output nodes; the oscillator further comprising a
capacitor having a selectable capacitance coupled to the pair
ol output nodes; the method comprising: magnetically cou-
pling the second inductor to the first inductor; coupling the
signals at the gates of the first and second transistors via the
first inductor to a bias; and coupling the signals at the drains
ol a cross-coupled complementary transistor pair to the pair
of output nodes.

Yet another aspect of the present disclosure provides a
method for generating a signal having a controlled oscillation
frequency at a pair of output nodes 1n an oscillator, the oscil-
lator comprising a first transistor and a second transistor, the
drains of the first and second transistors coupled to the pair of
output nodes; the oscillator further comprising a first inductor
coupled to the gates of the first and second transistors; the
oscillator further comprising a second inductor coupled to the
pair of output nodes; the oscillator further comprising a
capacitor having a selectable capacitance coupled to the pair
of output nodes; the method comprising: magnetically cou-
pling the second inductor to the first inductor; coupling the
signals at the gates of the first and second transistors via the
first inductor to a bias; coupling the signals at the gates of a
complementary transistor pair via AC coupling capacitors to
the pair of output nodes; coupling the signals at the drains of
the complementary transistor pair to the pair of output nodes,
the drain of each of the complementary transistor coupled to
the gate of the other complementary transistor via one of the
AC coupling capacitors; and coupling the signals at the gates
of the complementary transistor pair to a bias.

Yet another aspect of the present disclosure provides a
method for generating a signal having a controlled oscillation
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frequency at a pair of output nodes 1n an oscillator, the oscil-
lator comprising a {irst transistor and a second transistor, the
drains of the first and second transistors coupled to the pair of
output nodes; the oscillator further comprising a first inductor
coupled to the gates of the first and second transistors; the
oscillator further comprising a second inductor coupled to the
pair of output nodes; the oscillator further comprising a first
complementary transistor and a second complementary tran-
sistor, the drains of the first and second complementary tran-
sistors coupled to the pair of output nodes; the oscillator
turther comprising a third inductor coupled to the gates of the
complementary transistors; the method comprising: magneti-
cally coupling the second inductor to the first inductor; mag-
netically coupling the third inductor to the second 1nductor;
coupling the gates of the first and second transistors via the
first inductor to a bias; and coupling the signals at the gates of
the first and second complementary transistors via the third
inductor to a bias.

Yet another aspect of the present disclosure provides a
method for generating a signal having a controlled oscillation
frequency at a pair of output nodes 1n an oscillator, the oscil-
lator comprising a first transistor and a second transistor, the
drains of the first and second transistors coupled to the pair of
output nodes; the oscillator further comprising a first inductor
coupled to the gates of the first and second transistors; the
oscillator further comprising a second inductor coupled to the
pair of output nodes; the method comprising: magnetically
coupling the second 1nductor to the first inductor; and con-
trolling the oscillation frequency by configuring a selectable
bank of capacitors coupled to the gates of the first and second
transistors.

Yet another aspect of the present disclosure provides an
apparatus for generating a signal having a controlled oscilla-
tion frequency at a pair of output nodes, the apparatus com-
prising: a first transistor and a second transistor, the drains of
the first and second transistors coupled to the pair of output
nodes; a first inductor coupled to the gates of the first and
second transistors; a second inductor coupled to the pair of
output nodes, the second inductor being magnetically
coupled to the first inductor; means for generating a negative
resistance coupled to the pair of output nodes, the means
comprising first and second complementary transistors; and
means for selecting the oscillation frequency.

Yet another aspect of the present disclosure provides a
device for wireless communications, the device comprising a
TX LO signal generator, at least one baseband TX amplifier,
an upconverter coupled to the TX LO signal generator and the
at least one baseband TX amplifier, a TX filter coupled to the
output of the upconverter, a power amplifier (PA) coupled to
the TX filter, an RX LO signal generator, an RX f{ilter, a
downconverter coupled to the RX LO signal generator and the
RX filter, a low-noise amplifier (LNA) coupled to the RX
filter, and a duplexer coupled to the PA and the LNA, at least
one of the TX LO and RX LO signal generator comprising an
oscillator having a pair of output nodes coupled to a mixer, the
oscillator comprising: a first transistor and a second transis-
tor, the drains of the first and second transistors coupled to the
pair of output nodes; a first inductor coupled to the gates of the
first and second transistors; a second inductor coupled to the
pair of output nodes, the second inductor being magnetically
coupled to the first inductor; a capacitor having a selectable
capacitance coupled to the pair of output nodes; and a cross-
coupled complementary transistor pair coupled to the pair of
output nodes.

Yet another aspect of the present disclosure provides a
device for wireless communications, the device comprising a
TX LO signal generator, at least one baseband TX amplifier,
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4

an upconverter coupled to the TX LO signal generator and the
at least one baseband TX amplifier, a TX filter coupled to the
output of the upconverter, a power amplifier (PA) coupled to
the TX filter, an RX LO signal generator, an RX filter, a
downconverter coupled to the RX LO signal generator and the
RX filter, a low-noi1se amplifier (LNA) coupled to the RX
filter, and a duplexer coupled to the PA and the LNA, at least
one of the TX LO and RX LO signal generator comprising an
oscillator having a pair of output nodes coupled to amixer, the
oscillator comprising: a first transistor and a second transis-
tor, the drains of the first and second transistors coupled to the
pair of outputnodes; a first inductor coupled to the gates of the
first and second transistors; a second inductor coupled to the
pair ol output nodes, the second inductor being magnetically
coupled to the first inductor; a first complementary transistor
and a second complementary transistor, the drains of the first
and second complementary transistors coupled to the pair of
output nodes; and a third inductor coupled to the gates of the
first and second complementary transistors, the third inductor
being magnetically coupled to the second inductor.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates a prior art implementation of a CMOS
cross-coupled VCO;

FIG. 2 1llustrates another prior art CMOS VCO;

FIG. 3 illustrates an exemplary embodiment of a CMOS
VCO according to the present disclosure;

FIG. 4 illustrates an alternative exemplary embodiment of
a CMOS VCO according to the present disclosure;

FIG. 3 illustrates an alternative exemplary embodiment of
a CMOS VCO according to the present disclosure, wherein
three mutually coupled inductors are provided;

FIG. SA 1llustrates an exemplary embodiment of a com-
mon-mode feedback (CMFB) biasing scheme for biasing the
CMOS VCO 1 FIG. 5;

FIG. 6 1llustrates an alternative exemplary embodiment of
a CMOS VCO according to the present disclosure, wherein a
switchable bank of capacitors 1s provided at the gate of a
PMOS pair;

FIG. 7 illustrates an exemplary embodiment of a method
utilizing a CMOS VCO such as the one shown 1n FIG. 3;

FIG. 7A 1llustrates an exemplary embodiment of a method
utilizing a CMOS VCO such as the such as the one shown in
FIG. 4;

FIG. 7B illustrates an exemplary embodiment of a method
utilizing a CMOS VCO such as the one shown 1n FIG. §;

FIG. 7C illustrates an exemplary embodiment of a method
utilizing a CMOS VCO such as the one shown in FI1G. 6; and

FIG. 8 illustrates a block diagram of a design of a wireless
communication device in which the techniques of the present
disclosure may be implemented.

FIG. 9 1llustrates an alternative exemplary embodiment of
a CMOS VCO according to the present disclosure.

DETAILED DESCRIPTION

The detailed description set forth below 1n connection with
the appended drawings 1s intended as a description of exem-
plary embodiments of the present invention and 1s not
intended to represent the only exemplary embodiments 1n
which the present mvention can be practiced. The term
“exemplary” used throughout this description means “serv-
ing as an example, mstance, or illustration,” and should not
necessarily be construed as preferred or advantageous over
other exemplary embodiments. The detailed description
includes specific details for the purpose of providing a thor-
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ough understanding of the exemplary embodiments of the
invention. It will be apparent to those skilled 1n the art that the
exemplary embodiments of the mnvention may be practiced
without these specific details. In some instances, well known
structures and devices are shown 1n block diagram form 1n
order to avoid obscuring the novelty of the exemplary
embodiments presented herein.

FIG. 1 1llustrates a prior art implementation of a CMOS
cross-coupled pairr VCO 100. In FIG. 1, inductance L and

capacitance C form an LC tank, whose end terminals OUT1,
OUT2 form a pair of output nodes coupled to a DC cross-
coupled NMOS pair N1, N2 and a DC cross-coupled PMOS
pair P1, P2. One of ordinary skill in the art will appreciate that
the cross-coupled NMOS and PMOS pairs function as nega-
tive resistances, causing the voltage across the LC tank to
oscillate at the tank resonant frequency.

In a VCO 1mplementation, to control the tank resonant
frequency, the capacitance C may include a switchable
capacitor bank (not shown) for coarse frequency tuning and/
or a varactor (not shown) for fine frequency tuning. In a DCO
implementation, the fine frequency tuning may be accom-
plished by selectively enabling a plurality of digitally select-
able capacitors (not shown) making up C.

One disadvantage of the prior art CMOS VCO 100 1s the
relatively large voltage headroom required by the DC cross-
coupled transistor pairs N1, N2 and P1, P2. In particular, the
PMOS transistors P1, P2 require a mimmum gate turn-on
voltage Von_P during operation, while the NMOS transistors
N1, N2 smmilarly require a mmmimum gate turn-on voltage
Von_N. As the gate of each transistor 1s DC cross-coupled to
the drain of the other transistor of the pair, the DC bias
voltages for the transistors consume a total of Von_P+Von_N
of the total headroom available from the voltage supply VDD.
When a low voltage supply VDD 1s used, this may leave
insuificient voltage margin for the start-up gain that 1s typi-
cally required to initiate oscillation 1n the circuit.

FIG. 2 illustrates another prior art CMOS VCO 200. In
FIG. 2, the gates of transistors P1, P2 are separately DC
biased by the voltage Vbias_P using resistors RP1, RP2,
respectively, while transistors N1, N2 are separately DC
biased by the voltage Vbias_N using resistors RN1, RN2,
respectively. In addition, the gates of the transistors P1, P2,
N1, N2 are capacitively cross-coupled to the drain of the other
transistor of the pair, using AC coupling capacitors AC2, AC1,
AC4, AC3, respectively. Because the drain of each transistor
1s DC-decoupled from the gate of the other transistor of the
pair, 1t 1s possible to bias the gate-source voltage of each
transistor independently of 1ts drain-source voltage.

FIG. 3 illustrates an exemplary embodiment of a CMOS
VCO 300 according to the present disclosure. In FIG. 3, two
inductors L1, L2 are provided, with L1 being coupled to the
gates of P1, P2, while L2 1s provided as the tank inductance.
In the exemplary embodiment shown, .1 and L2 are mutually
magnetically coupled, 1.e., inductances L1, L2 collectively
form a transformer. Note the bi-directional arrow shown
between inductors L1 and L2, and elsewhere 1n the figures, 1s
meant to i1llustrate mutual magnetic coupling between the
clements pointed to. The mutual coupling between L1 and 1.2
allows the signal voltages at output nodes OUT2, OUT1 to be

coupled to the gates of P1, P2, respectively. To DC bias P1,
P2, the inductor L1 1s tapped, e.g., center-tapped, by the bias
voltage Vbias_P. A DC cross-coupled NMOS pair N1, N2 1s
turther coupled to the output.

One of ordinary skill in the art will appreciate that due to
the mutual magnetic coupling between inductors L1 and L2,
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a negative resistance 1s effectively created without a DC or
capacitive cross-coupling connection between the drains and
gates of P1, P2.

In an exemplary embodiment, the appropriate coupling
coellicient between L1 and .2 may be a design parameter
chosen based on, e.g., the semiconductor process technology
used. Typical values may be, e.g., 0.5, 0.3, or 0.2. Note these
values are given for 1illustrative purposes only, and are not
meant to restrict the scope of the present disclosure to any
particular values explicitly given.

In an exemplary embodiment wherein a frequency of
operation 1s around 5 GHz, L2 may have an inductance of
0.45 nH, while L1 may have an inductance of 1.5 nH.

In an exemplary embodiment, L2, or the tank inductance,
may have a relatively high Q (1.e., quality factor), while L1
may have a lower () than L2.

One of ordinary skill 1n the art will appreciate that various
technologies exist for implementing transformers 1n inte-
grated circuit processes, €.g., mterwinding inductors, stack-
ing inductors, etc. Any such technologies are contemplated to
be within the scope of the present disclosure.

One of ordinary skill in the art will further appreciate that
the inductor L1 may be implemented as a single inductor as
shown, or 1t may be implemented as two or more series-
coupled constituent inductors. Such alternative exemplary
embodiments are contemplated to be within the scope of the
present disclosure.

Note while exemplary embodiments are described with
reference to VCO’s herein, the techniques of the present
disclosure may be readily applied to the design of DCO’s as
well. Such alternative exemplary embodiments are contem-
plated to be withun the scope of the present disclosure.

FIG. 7 illustrates an exemplary embodiment of a method
700 utilizing a CMOS VCO such as the VCO 300 in FIG. 3.
Note the methods described herein are shown for illustrative
purposes only, and are not meant to limit the scope of the
present disclosure to any particular methods disclosed.

At step 710, L1 1s magnetically coupled to L2.

At step 720, the signals at the gates of the PMOS pair are
coupled via inductor L1 to a bias voltage.

At step 730, the signals at the drains of the cross-coupled
NMOS pair are coupled to the VCO output nodes OUT]1,

OUT2.

Note while certain exemplary embodiments described
herein may show a DC or capacitively cross-coupled NMOS
pair with a PMOS inductor-coupled pair, one of ordinary skall
in the art may readily derive alternative exemplary embodi-
ments (not shown) having a DC or capacitively cross-coupled
PMOS pair with an NMOS 1nductor-coupled pair. Such an
alternative exemplary embodiment 1s contemplated to be
within the scope of the present disclosure.

Further note that 1n this specification and 1n the claims, the
term “complementary” may be used to denote the relation-
ship between a PMOS transistor and an NMOS transistor. For
example, the complementary transistor pair to an NMOS pair
may be a PMOS pair, and vice versa.

FIG. 4 1llustrates an alternative exemplary embodiment of
a CMOS VCO 400 according to the present disclosure,
wherein the gates of PMOS transistors P1, P2 are coupled
using an imnductor L1 magnetically coupled to the tank induc-
tance L2 as previously described, and also wheremn the
NMOS ftransistors N1, N2 are capacitively cross-coupled.
The NMOS transistors N1, N2 in VCO 400 may advanta-
geously consume less voltage headroom than a pair of DC
cross-coupled NMOS transistors.

FIG. 7A 1llustrates an exemplary embodiment of a method

700A utilizing a CMOS VCO such as the VCO 400 1n F1G. 4.
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At step 710A, L1 1s magnetically coupled to L2.

At step 720A, the signals at the gates of the PMOS pair are
coupled via inductor L1 to a bias.

At step 730A, the signals at the gates of the NMOS pair are
coupled via AC coupling capacitors to VCO output nodes 5
OuUT2, OUTI1.

Atstep 740A, the signals at the drains ofthe NMOS pair are
coupled to the VCO output nodes OUT1, OUT2.

At step 750A, the signals at the gates of the NMOS pair are
coupled to the bias. 10
FI1G. 5 illustrates an alternative exemplary embodiment of

a CMOS VCO 500 according to the present disclosure. In the
VCO 500, a transformer with three mutually magnetically
coupled mductors L1, L2, L3 1s provided. One of ordinary
skill 1n the art will appreciate that such transtformers may be 15
directly implemented using CMOS technology, a combina-
tion of CMOS technology and package metal layers, or pack-
age metal layers exclusively. Inductors L1, L2 function in the
same manner as described for L1, L.2 1n the VCO 400. Induc-

tor L3, which 1s mutually magnetically coupled to inductors 20
L1, L2 couples the voltages at output nodes OUT2, OUT1 to
the gates of N1, N2, respectively. To bias transistors N1, N2,

the inductor L3 1s tapped e.g., center-tapped, by the blas
voltage Vbias_N.

FI1G. 7B 1llustrates an exemplary embodiment of a method 25
700B utilizing a CMOS VCO such as the VCO 500 in FIG. 5.

At step 710B, L2 1s magnetically coupled to L1.

At step 720B, L3 1s magnetically coupled to L2.

At step 730B, the signals at the gates of the PMOS pair are
coupled via L1 to a bias. 30
At step 7408, the signals at the gates of the NMOS pair are

coupled via L3 to the bias.

FIG. 5A illustrates an exemplary embodiment of a com-
mon-mode feedback (CMFB) biasing scheme for biasing
transistor P1, P2 1n the VCO 500. Note the biasing scheme 1s 35
shown for 1llustrative purposes only, and 1s not meant to limait
the scope of the present disclosure to any particular biasing,
scheme. In FIG. 5A, the differential amplifier COMP senses
the voltage at OUT2, and adjusts the gate bias of P1, P2 to
bring OUT?2 close to the reference voltage VDD/2. 40

FIG. 6 illustrates an alternative exemplary embodiment of
a CMOS VCO 600 according to the present disclosure,
wherein a tank capacitance C1 1s coupled to the gates of the
PMOS transistors P1, P2, rather than to their drains.

In an exemplary embodiment ofa VCO, the capacitance C1 45
may include both a switchable bank of capacitors for coarse
frequency tuning and an analog-voltage controlled varactor
clement for fine frequency tuning In an alternative exemplary
embodiment depicted 1n FIG. 9, the capacitance C1 may
include only the switchable bank of capacitors 902 for coarse 50
tuning, while a separate varactor element 904 for fine tuning,
may be coupled to the drains of the PMOS transistors P1, P2.

In a further alternative exemplary embodiment of a DCO
(not shown), a varactor element may readily be replaced by a
plurality of switchable capacitors. Such alternative exem- 55
plary embodiments are contemplated to be within the scope
ol the present disclosure.

In an exemplary embodiment of VCO 600, the quality
factor Q of the inductor L1 may be made higher than the Q of
the inductor 2. For example, the Q of L2 may be 4 or 5, while 60
the Q of L1 may range from 15 to 23. Note the exemplary Q
values are given for illustration only, and are not meant to
limit the scope of the present disclosure.

FI1G. 7C 1llustrates an exemplary embodiment of a method
700C utilizing a CMOS VCO such as the VCO 600 1n FIG. 6. 65

At step 710C, L1 1s magnetically coupled to L2, which 1s
magnetically coupled to L3.

8

At step 720C, the VCO oscillation frequency 1s tuned by
configuring a selectable bank of capacitors coupled to the
gates of the PMOS patr.

One of ordinary skill in the art will appreciate that all
techniques described herein for configuring a PMOS transis-
tor pair are equally applicable to configuring an NMOS tran-
sistor pair. For example, 1n light of the topology of the VCO
300 disclosed 1n FIG. 3, one of ordinary skill 1n the art may
readily derive a VCO topology (not shown) wherein a cross-
coupled PMOS pair 1s provided, and a tank inductance 1is
magnetically coupled to an inductance connecting the gate of
a first NMOS transistor with the gate of a second NMOS
transistor. The same applies to the circuit topologies disclosed
in FIGS. 4,5, and 6. Such alternative exemplary embodiments
are contemplated to be within the scope of the present disclo-
sure.

One of ordinary skill 1n the art will appreciate that while
exemplary embodiments of the present disclosure have been
described with reference to MOS ftransistors (1.e., MOS-
FET’s), the techniques of the present disclosure need not be
limited to MOSFET-based designs, and may be readily
applied to alternative exemplary embodiments (not shown)
employing bipolar junction transistors (or BJ1’s) and/or
other three-terminal transconductance devices. For example,
in an exemplary embodiment (not shown), any of the VCO’s
described may utilize BJT’s rather than MOSFET’s, with the
collectors, bases, and emitters of the BJT’s coupled as shown
for the drains, gates, and sources, respectively, of the MOS-
FET’s shown. Furthermore, unless otherwise noted, 1n this
specification and in the claims, the terms “drain,” “gate,” and
“source” may encompass both the conventional meanings of
those terms associated with MOSFET’s, as well as the corre-
sponding nodes of other three-terminal transconductance
devices, such as BI'T’s, which correspondence will be evident
to one of ordinary skill 1n the art of circuit design.

FIG. 8 shows a block diagram of a design of a wireless
communication device 800 in which the techniques of the
present disclosure may be implemented. In the design shown
in FI1G. 8, wireless device 800 includes a transceiver 820 and
a data processor 810 having a memory 812 to store data and
program codes. Transceiver 820 includes a transmitter 830
and arecerver 850 that support bi-directional communication.
In general, wireless device 800 may include any number of
transmitters and any number of receivers for any number of
communication systems and frequency bands.

A transmitter or a receiver may be implemented with a
super-heterodyne architecture or a direct-conversion archi-
tecture. In the super-heterodyne architecture, a signal 1s fre-
quency converted between radio frequency (RF) and base-
band 1n multiple stages, e.g., from RF to an intermediate
frequency (IF) in one stage, and then from IF to baseband 1n
another stage for a receiver. In the direct-conversion architec-
ture, a signal 1s frequency converted between RF and base-
band 1n one stage. The super-heterodyne and direct-conver-
sion architectures may use different circuit blocks and/or
have different requirements. In the design shown in FIG. 8,
transmitter 830 and receiver 850 are implemented with the
direct-conversion architecture.

In the transmait path, data processor 810 processes data to
be transmitted and provides I and Q analog output signals to
transmitter 830. Within transmitter 830, lowpass filters 832a
and 8325 filter the I and QQ analog output signals, respectively,
to remove undesired 1images caused by the prior digital-to-
analog conversion. Amplifiers (Amp) 834a and 8345 amplity
the signals from lowpass filters 832a and 8325, respectively,
and provide I and Q baseband signals. An upconverter 840
upconverts the I and QQ baseband signals with I and Q transmait
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(TX) local oscillating (LO) signals from a TX LO signal
generator 870 and provides an upconverted signal. A filter
842 filters the upconverted signal to remove undesired images
caused by the frequency upconversion as well as noise 1n a
receive frequency band. A power amplifier (PA) 844 amplifies
the signal from filter 842 to obtain the desired output power
level and provides a transmit RF signal. The transmit RF
signal 1s routed through a duplexer or switch 846 and trans-
mitted via an antenna 848.

In the receive path, antenna 848 recerves signals transmit-
ted by base stations and provides a recerved RF signal, which
1s routed through duplexer or switch 846 and provided to a
low noise amplifier (LNA) 852. The received RF signal 1s
amplified by LNA 852 and filtered by a filter 854 to obtain a
desirable RF input signal. A downconverter 860 downcon-
verts the RF input signal with I and Q recerve (RX) LO signals
from an RX LO signal generator 880 and provides I and O
baseband signals. The I and QQ baseband signals are amplified
by amplifiers 862a and 8625 and further filtered by lowpass
filters 864a and 8645b to obtain I and Q analog input signals,
which are provided to data processor 810.

TX LO signal generator 870 generates the I and Q TX LO
signals used for frequency upconversion. RX LO signal gen-
crator 880 generates the I and Q RX LO signals used for
frequency downconversion. Each LO signal 1s a periodic
signal with a particular fundamental frequency. A PLL 872
receives timing information from data processor 810 and
generates a control signal used to adjust the frequency and/or
phase of the TX LO signals from LO signal generator 870.
Similarly, a PLL 882 receives timing information from data
processor 810 and generates a control signal used to adjust the
frequency and/or phase of the RX LO signals from LO signal
generator 880.

FIG. 8 shows an example transceiver design. In general, the
conditioning of the signals 1n a transmitter and a receiver may
be performed by one or more stages of amplifier, filter, upcon-
verter, downconverter, etc. These circuit blocks may be
arranged differently from the configuration shown in FIG. 8.
Furthermore, other circuit blocks not shown in FIG. 8 may
also be used to condition the signals 1n the transmitter and
receiver. Some circuit blocks 1n FIG. 8 may also be omitted.
All or a portion of transcerver 820 may be implemented on
one or more analog integrated circuits (ICs), RF ICs (RFICs),
mixed-signal ICs, etc.

LO signal generators 870 and 880 may each include a
frequency divider that receives a clock signal and provides a
divider output signal. The clock signal may be generated by a
voltage-controlled oscillator (VCO) or some other types of
oscillator. The clock signal may also be referred to as a VCO
signal, an oscillator signal, etc. In any case, 1t may be desir-
able to obtain differential output signals from a frequency
divider. The techniques of the present disclosure may be
readily applied to the design of such a VCO 1n the wireless
communication device 800.

In this specification and 1n the claims, 1t will be understood
that when an element 1s referred to as being “connected to” or
“coupled to” another element, i1t can be directly connected or
coupled to the other element or intervening elements may be
present. In contrast, when an element 1s referred to as being
“directly connected to” or “directly coupled to” another ele-
ment, there are no intervening elements present.

Those of skill in the art would understand that information
and signals may be represented using any of a variety of
different technologies and techniques. For example, data,
instructions, commands, information, signals, bits, symbols,
and chips that may be referenced throughout the above
description may be represented by voltages, currents, elec-
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tromagnetic waves, magnetic fields or particles, optical fields
or particles, or any combination thereof.

Those of skill would further appreciate that the various
illustrative logical blocks, modules, circuits, and algorithm
steps described 1n connection with the exemplary embodi-
ments disclosed herein may be implemented as electronic
hardware, computer soitware, or combinations of both. To
clearly illustrate this interchangeability of hardware and soft-
ware, various 1illustrative components, blocks, modules, cir-
cuits, and steps have been described above generally 1n terms
of their functionality. Whether such functionality 1s 1mple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system. Skilled artisans may implement the described func-
tionality 1n varying ways for each particular application, but
such 1mplementation decisions should not be interpreted as
causing a departure from the scope of the exemplary embodi-
ments of the invention.

The various 1illustrative logical blocks, modules, and cir-
cuits described 1n connection with the exemplary embodi-
ments disclosed herein may be implemented or performed
with a general purpose processor, a Digital Signal Processor
(DSP), an Application Specific Integrated Circuit (ASIC), a
Field Programmable Gate Array (FPGA) or other program-
mable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed
to perform the functions described herein. A general purpose
processor may be a microprocessor, but in the alternative, the
processor may be any conventional processor, controller,
microcontroller, or state machine. A processor may also be
implemented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of
MICroprocessors, One or more miCroprocessors in conjunc-
tion with a DSP core, or any other such configuration.

The steps of amethod or algorithm described 1n connection
with the exemplary embodiments disclosed herein may be
embodied directly i hardware, in a software module
executed by a processor, or 1n a combination of the two. A

software module may reside in Random Access Memory
(RAM), flash memory, Read Only Memory (ROM), Electri-

cally Programmable ROM (EPROM), Electrically Erasable
Programmable ROM (EEPROM), registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium known 1n the art. An exemplary storage medium 1s
coupled to the processor such that the processor can read
information from, and write information to, the storage
medium. In the alternative, the storage medium may be inte-
gral to the processor. The processor and the storage medium
may reside 1 an ASIC. The ASIC may reside 1n a user
terminal. In the alternative, the processor and the storage
medium may reside as discrete components 1n a user terminal.

In one or more exemplary embodiments, the functions
described may be implemented 1n hardware, software, firm-
ware, or any combination thereof. If implemented 1n soft-
ware, the functions may be stored on or transmitted over as
one or more instructions or code on a computer-readable
medium. Computer-readable media includes both computer
storage media and commumnication media including any
medium that facilitates transfer of a computer program from
one place to another. A storage media may be any available
media that can be accessed by a computer. By way of
example, and not limitation, such computer-readable media
can comprise RAM, ROM, EEPROM, CD-ROM or other
optical disk storage, magnetic disk storage or other magnetic
storage devices, or any other medium that can be used to carry
or store desired program code 1n the form of istructions or
data structures and that can be accessed by a computer. Also,
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any connection 1s properly termed a computer-readable
medium. For example, 11 the software 1s transmitted from a
website, server, or other remote source using a coaxial cable,
fiber optic cable, twisted pair, digital subscriber line (DSL), or
wireless technologies such as infrared, radio, and microwave,
then the coaxial cable, fiber optic cable, twisted pair, DSL, or
wireless technologies such as infrared, radio, and microwave
are included 1n the definition of medium. Disk and disc, as
used herein, includes compact disc (CD), laser disc, optical
disc, digital versatile disc (DVD), floppy disk and blu-ray disc
where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the
above should also be included within the scope of computer-
readable media.

The previous description of the disclosed exemplary
embodiments 1s provided to enable any person skilled in the
art to make or use the present invention. Various modifica-
tions to these exemplary embodiments will be readily appar-
ent to those skilled 1n the art, and the generic principles
defined herein may be applied to other exemplary embodi-
ments without departing from the spirit or scope of the inven-
tion. Thus, the present invention 1s not intended to be limited
to the exemplary embodiments shown herein but 1s to be
accorded the widest scope consistent with the principles and
novel features disclosed herein.

The mvention claimed 1s:

1. An apparatus for generating a signal having a controlled
oscillation frequency at a pair of output nodes, the apparatus
comprising;

a first transistor and a second transistor, wherein a first
drain of the first transistor 1s coupled to a first node of the
pair of output nodes and a second drain of the second
transistor 1s coupled to a second node of the pair of
output nodes;

an inductive-capacitance (LLC) tank including a first induc-
tor coupled 1n parallel with a first capacitor, wherein the
LC tank 1s coupled to a first gate of the first transistor and
to a second gate of the second transistor, and wherein the
first inductor 1s configured to receive a biasing voltage;

a second inductor and a second capacitor having a select-
able capacitance coupled to the pair of output nodes, the
second capacitor being coupled to the first node of the
pair of output nodes and coupled to the second node of
the pair of output nodes, the second inductor being mag-
netically coupled to the first inductor with a coupling
coellicient based on a semiconductor process technol-
OZY;

a third transistor and a fourth transistor coupled to the pair
of output nodes; and

a third inductor coupled to gates of the third transistor and
the fourth transistor, the third inductor being magneti-
cally coupled to the second inductor.

2. The apparatus of claim 1, wherein the first transistor and
the second transistor are p-type metal oxide semiconductor
(PMOS) transistors, and wherein the third transistor and the
fourth transistor are n-type metal oxide semiconductor
(NMOS) patr.

3. The apparatus of claim 1, wherein the first transistor and
the second transistor are n-type metal oxide semiconductor
(NMOS) transistors, and wherein the third transistor and the
fourth transistor are p-type metal oxide semiconductor
(PMOS) transistors.

4. The apparatus of claim 1, whereimn the first inductor
includes a first constituent inductor serially coupled to a sec-
ond constituent inductor at a coupling point, wherein the
biasing voltage 1s received at the coupling point.
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5. The apparatus of claim 1, wherein the first capacitor
includes a selectable bank of capacitors for coarse frequency
tuning and wherein the second capacitor comprises an ana-
log-voltage controlled varactor for fine frequency tuning.

6. A method for generating a signal having a controlled
oscillation frequency at a pair of output nodes of an oscillator,
the oscillator comprising: a first transistor and a second tran-
sistor, wherein a first drain of the first transistor 1s coupled to
a first node of the pair of output nodes and a second drain of
the second transistor 1s coupled to a second node of the pair of
output nodes; an inductive-capacitance (LLC) tank including a
first inductor coupled i1n parallel with a first capacitor,
wherein the LC tank 1s coupled to a first gate of the first
transistor and to a second gate of the second transistor, and
wherein a biasing voltage 1s received at the first inductor; a
third transistor and a fourth transistor, wherein drains of the
third transistor and the fourth transistor are coupled to the pair
of output nodes, a second inductor coupled to the pair of
output nodes; a third inductor coupled to gates of the third
transistor and the fourth transistor; a second capacitor having
a selectable capacitance coupled to the first node of the pair of
output nodes and coupled to the second node of the pair of
output nodes; the method comprising: magnetically coupling
the second inductor to the first inductor with a coupling coet-
ficient based on a semiconductor process technology; and
magnetically coupling the third inductor to the second induc-
tor.

7. A method comprising: receiving a biasing voltage at a
first inductor of an oscillator that comprises a single parallel
inductive-capacitance (LC) tank, wherein the single parallel
L.C tank 1s coupled to a first gate of a first transistor and to a
second gate of a second transistor, wherein a first drain of the
first transistor 1s coupled to a first node of a pair of output
nodes of the oscillator and a second drain of the second
transistor 1s coupled to a second node of the pair of output
nodes of the oscillator; and magnetically coupling the first
inductor to a second inductor, wherein the second inductor 1s
coupled to the pair of output nodes of the oscillator and
wherein the second inductor 1s magnetically coupled to a
third inductor.

8. The method of claim 7, wherein the third inductor 1s
coupled to a third gate of a third transistor and to a fourth gate
of a fourth transistor.

9. The method of claim 8, wherein the first transistor and
the second transistor are p-type metal oxide semiconductor
(PMOS) transistors, and wherein the third transistor and the
fourth transistor are n-type metal oxide semiconductor
(NMOS) transistors.

10. An apparatus comprising: a {irst transistor and a second
transistor, wherein a first drain of the first transistor 1s coupled
to a first node of a pair of output nodes and a second drain of
the second transistor 1s coupled to a second node of the pair of
output nodes; an inductive-capacitance (L.C) tank including a
first inductor coupled in parallel with a switchable bank of
capacitors, wherein the switchable bank of capacitors of the
LC tank 1s coupled to a first gate of the first transistor and to
a second gate of the second transistor, and wherein the first
inductor 1s configured to receive a biasing voltage; a second
inductor and an analog voltage-controlled varactor coupled to
the pair of output nodes, the analog voltage-controlled varac-
tor being coupled to the first node of the pair of output nodes
and coupled to the second node of the pair of output nodes, the
second inductor being magnetically coupled to the first induc-
tor; a third transistor and a fourth transistor, wherein a third
drain of the third transistor 1s coupled to the first node of the
pair of output nodes and a fourth drain of the fourth transistor
1s coupled to the second node of the pair of output nodes; and
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a third inductor coupled to a third gate of the third transistor
and to a fourth gate of the fourth transistor, wherein the third
inductor 1s magnetically coupled to the second inductor;
wherein a signal having a controlled oscillation frequency 1s
generated at the pair of output nodes at least partially based on
coarse tuning using the switchable bank of capacitors and at
least partially based on fine tuning using the analog voltage-
controlled varactor.

11. The apparatus of claim 10, wherein the first transistor
and the second transistor are p-type metal oxide semiconduc-
tor (PMOS) transistors, and wherein the third transistor and
the fourth transistor are n-type metal oxide semiconductor
(NMOS) transistors.

12. The apparatus of claim 10, wherein the first transistor
and the second transistor are n-type metal oxide semiconduc-
tor (NMOS) transistors, and wherein the third transistor and
the fourth transistor are p-type metal oxide semiconductor
(PMOS) transistors.
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